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Present status
of the light sterile neutrino

* A number of experiments hint at a new neutrino mass
eigenstate around 1 eV

* A definitive probe of this parameter space Is necessary.

* |t would be great if the solution we develop could be
used toward the future (e.g. &cp).



3 neutrino
oscillation framework

“JAWS” (1975
Directed by Steven Spielberg




SWIMMERS AND
WADERS

From Cape Cod,
Massachusetts
~70 miles away




My charge

From G. Feldman:

| would like to invite you to give a critical review talk on future short baseline
experiments at the 26th International Conference on Neutrino Physics and
Astrophysics (Neutrino 2014)...

By short baseline, | mean the search for sterile neutrinos whose masses are
well above the atmospheric mass scale. There appear to be many different
proposals. | see one of main functions of this talk is to clarify which can be
conclusive in confirming or refuting the present anomalies.

(emphasis is mine)



Outline

Where are we with the sterile neutrino®
Sterile neutrino complications and complaints.

What do we need to do to solve the light sterile neutrino
issue’?

An overview of the future accelerator-based experiments
in the field.
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Measured / predicted
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 There do exist a number of strict
limits on vu/ve disappearance and Ve
appearance.

* In particular, the lack of observed

muon neutrino/antineutrino
disappearance causes issues when
trying to form a coherent picture of
the sterile neutrino.



New results!
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in OPERA (new limit)
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* | will not cover the future capabilities of MINOS+, OPERA, NOVA, T2K, ... as far as sterile

neutrino physics goes.

 However, these searches are vital to the sterile program and forming a coherent picture

of what’'s going on! In particular, it is essential that we continue to push in muon

disappearance.



(From the “Jaws” movie set; 3 ™7 - Our best efforts to Kill
| don't think anyone was hurt A\ : ,
the sterile neutrino

as the shark is not real)

Light sterile neutrino
(or something else
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Outline

Where are we with the sterile neutrino”
Sterile neutrino complications and complaints.

What do we need to do to solve the light sterile neutrino
issue’?

An overview of the future accelerator-based experiments
in the field.
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Complications

How many light sterile neutrinos are there? 0O, 1, 2, 37
Is there a difference between neutrino and antineutrinos?
I it is physics, could there be other sources of the anomalies?

| will largely ignore these complications. \When talking about sterile
neutrino sensitivity it's easiest to just assume 3+1. This doesn't tell the whole
story but it puts everyone on the same page.

3+1 assumptions

3+1 appearance P(va = Vgta) = 4|Uas|?|Uss|? sin®(1.27Am3, L/ E)

3+1 disappearance PWa — vg) = 4|Uasa]*(1 — |Uqa|?) sin®(1.27Am3, L/E)
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Warning: the complications
may actually be quite important

* [here Is tension between appearance and disappearance measurements.

; Global appearance 3+1 allowed Qlobal disappearance 3+1 allowed
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Warning: the complications
may actually be quite important

* [here Is tension between appearance and disappearance measurements.
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Warning: the complications
may actually be quite important

e There is tension between neutrino and antineutrino measurements.

Global antineutrino 3+1 allowed

Global neutrino 3+1 allowed
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Warning: the complications
may actually be quite important

e There is tension between neutrino and antineutrino measurements.

Am?, (eV?)
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A 3+1 model




Sterile neutrino complaints

 "We don't even know what we're looking for”.

* | agree. But, it we want to figure out what (if anything)
IS going on, we need to probe the parameter space.

 Parameter space can be defined here as:
(Am?2, sin220) and/or (L, Ev) and/or (Ev).

* All spaces are interesting and, even in the absence of
a sterile neutrino, can teach us about accelerator-
oroduced neutrinos for the future of the field!

21
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Probing the parameter space, in (Am2, sin2206)

(hypothesis: anomalies may be
due to one or more sterile neutrinos)
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Probing the parameter space, in (L,E)
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(hypothesis: anomalies may be due
to Lorentz violation or something else exotic)

Non-L/E oscillation behavior
(mixing due to more than just
mass) is expected in a number
of exotic scenarios.

Maybe we have just 3 neutrinos
and some other profound
physics is taking place!



Events/MeV

Events/MeV

Probing the parameter space, in (Ey)

(hypothesis: anomalies may be due to lack of neutrino
interaction understanding, an underestimated background,
energy reconstruction issues, or some other systematic)
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a “super shark”, capable of living in 87 K

)
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Short baseline complaints

* “The non-oscillation physics is not compelling by itselt”.
This is simply incorrect. But, don't take my word for it.

MiniBooNE xsec analyses
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Short baseline complaints

 "We can Just do the cross section and interaction physics
with our near detector in the long baseline program”.

Developing theory, phenomenology, and simulation
takes time and people.

There is nothing like data to spur this along.

We need to be considering the issues associated with the
neutrino interaction now!

28



Outline

Where are we with the sterile neutrino®
Sterile neutrino complications and complaints.

What do we need to do to solve the light sterile neutrino
issue’?

An overview of the future accelerator-based experiments
in the field.
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Defining “definitive”

Did MiniBooNE definitively solve the sterile neutrino issue?
No.

30



Defining “definitive”

Did MiniBooNE definitively solve the sterile neutrino issue?

No.
The problem is that they saw something.
The answer might be a ‘'yes'’ if they didnt see anything.
(in our field, it is easier to refute than to confirm)
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Defining “definitive”

Did MiniBooNE definitively solve the sterile neutrino issue?

No.
The problem is that they saw something.
The answer might be a ‘'yes'’ if they didnt see anything.
(in our field, it is easier to refute than to confirm)

Therefore, a future “definitive” test requires that
the achievable sensitivity significantly surpasses MiniBooNE'’s
sensitivity, under a 3+1 hypothesis.

We want to be able to definitively refute
AND be able to detinitively confirm.
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What was MiniBooNE's sensitivity*?

AN

IAm? (eV?

107

10

10"

*The actual experimental sensitivity achieved
(not from the proposal)

LSND (90% CL)

MiniBooNE 90% CL sensitivity,
v+v, E >200 MeV

10™

103 102 10"
Sin*(26,,,)

From MiniBooNE data release:
http://www-boone.fnal.gov/for_physicists/data release/nue _nuebar 2012/



http://www-boone.fnal.gov/for_physicists/data_release/nue_nuebar_2012/

34

This sensitivity is not good enough to be definitive!!

102

IAm?l (eV?)

10

LSND (90% CL)

MiniBooNE 90% CL sensitivity,
v+v, E >200 MeV

10™ 103
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102
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From MiniBooNE data release:



http://www-boone.fnal.gov/for_physicists/data_release/nue_nuebar_2012/

A definitive resolution

* Does the experiment have a good chance to see an unambiguous
wiggle in L/E?

* Does the experiment have a sensitivity which significantly
surpasses MiniBooNE's”

* Does the experiment have a good chance to see an oscillation
signal in multiple channels and/or with neutrinos and antineutrinos?

| require at least 2 out of 3 to be “definitive”.
Your mileage may vary.
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Where are we with the sterile neutrino®
Sterile neutrino complications and complaints.

What do we need to do to solve the light sterile neutrino
issue’?

An overview of the future accelerator-based experiments
N the field.
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Where are we going”?

We are definitely moving into the “LAr detector(s) at FNAL's Booster

Neutrino Beamline” phase of the global accelerator-based sterile neutrino
search program.

There are a number of other accelerator-based sterile neutrino ideas as well:
« |LSND-style decay-at-rest w/ liquid scintillator.
e (OscSNS, JPARC-MLF

 Non-LAr-R&D sterile searches with technology relevant for the future.

e NUSTORM, IsoDAR



| am going to show some sensitivity predictions for
various experiments.

Please be careful when considering these.
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Be careful when considering
sensitivity estimates!

Systematics vs. statistics limited.

Where are the detector and background assumptions coming from?
What are the largest sources of systematics?

|s the technology proven”? How is “proven” defined?

Reliance on simulation.

Near detector?

Rate-only vs. energy-shape-only vs. rate+shape.

Are correlations between near and far detectors taken into account?

39
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MicroBooNE

« Along with vital neutrino cross section
measurements and LArTPC R&D, MicroBooNE will
definitively address the MiniBooNE low-E excess.

o Unfortunately, MicroBooNE suffers from a very
specific issue when it comes to being able to
definitively address the sterile neutrino: It's not big
enough.

 MicroBooNE represents the first step in a phased
LAr-based program at FNAL to address the sterile
neutrino definitively and will be providing excellent
physics in the very near future.




Primary  Other osc Definitive

Other physics Ve
Channel channels sterile? Py R&D?

MicroBooNE GeV-scale

tech,
(L DIF) Vy = Ve Vy =V — — Yes = $20M

. Exists!
XSec COSMICS




The future of LAr at FNAL

« Two new proposals went before the January 2014 PAC at FNAL to take advantage of
the Booster Neutrino Beamline in addressing the sterile neutrino.

1. The LAr1-ND phased approach, which calls for a near detector in the existing
SciBooNE hall at 100m, while looking toward a future large far detector.

o 2. The ICARUS approach, taking advantage of the existing T600 detector as a far
detector and combining with a near detector.

e Since the January PAC, members of both LAr1-ND and ICARUS have been working
together with the lab to further develop these plans.
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The *proposed” future of the LAr program
at FNAL is rapidly evolving (and coming into focus).

LAr1-ND MicroBooNE ICARUS (T150+T600)

Combining forces!
/ \

A coherent, collaborative, international program at FNAL’s BNB
(and NuMI off-axis) likely featuring three detectors by 2018:
near, MicroBooNE at mid-distance, and far.

(a CDR is to be presented at the FNAL July 2014 PAC)
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LAr1-ND

e A proposed 82 ton LArTPC near detector at 100 m in FNAL's BNB.

e Can provide a “near sampling” of the beam and help interpret any observed
excess. Answers the guestion: |Is excess intrinsic to beam or not?

Side view schematic

The “SciBooNE Hall” at 100 m
] — drawing —

HV Feedthrough
B
Expansion| tank
\\ /
Liquid Argon
M
e T ST ) ‘
Lateral | | | Front
view ||| | I e o e view
| 1| | vbeam | |
‘ 5 1 o
G J N S NS
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LAr1-ND + MicroBooNE sensitivity
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This is “shape-only” and can
be considered conservative.

Shape-only means that the prediction for
the far detector rate in energy comes
from the near detector.

A rate+shape fit with vy+ve and
correlated near-far systematics has
better sensitivity and the international
“TripleLAr@FNAL” group is studying this.



Primary  Other osc Definitive

Other physics Ve
Channel channels sterile? Py R&D?

MicroBooNE GeV-scale tech .
_ ! |
(. DIF) Vp =2 Ve Vp =2 Vy Xsec Yes | $20M cosmics EXists!
LAr1-ND GeV-scale tech,
(1t DIF) Vp =7 Ve Vy =7V — Xsec Yes | $13M | - smics




(For the uninitiated, this is a quote from “Jaws”)
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ICARUS @ FNAL

 The T600 (770 ton LArTPC) has recently finished a successful three year run at Gran Sasso, 730
km from the CNGS (~25 GeV beam) at CERN.

 The ICARUS collaboration has formally proposed bringing the T600 to FNAL's BNB, to be
combined with a near detector.

« Multiple possible technological upgrades (and LAr R&D): B-field, doping, SiPM light collection, ...

£ Fermilab

1 scaleof
scale

48



AM? (eV?)
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ICARUS @ FNAL sensitivity

This is “shape-only” and can
be considered conservative.

Shape-only means that the prediction for
the far detector rate in energy comes
from the near detector.

A rate+shape fit with vy+ve and
correlated near-far systematics has
better sensitivity and the international
“TripleLAr@FNAL” group is studying this.



Primary  Other osc Definitive

Other physics Ve
Channel channels sterile? Py R&D?

MicroBooNE GeV-scale tech .
_ ! |
(. DIF) Vp = Ve Yy — Yy XSEeC Yes  $20M o ogmics  EXIStS!
LAr1-ND GeV-scale tech
vV, —» Ve UV, — U S ’
(1 DIF) H ¢k H Xsec Yes | $13M | - smics
ICARUS@FNAL FySiNy yiay yRnay y GeV-scale Under  tech,
(rt DIF) H cITH H XSecC ves study cosmics




Primary  Other osc Definitive
Channel channels sterile?

Other physics

Tech
R&D?

MicroBooNE GeV-scale tech .
_ ! |
(. DIF) Vp =2 Ve Vp =2 Vy Xsec Yes | $20M cosmics EXists!
LAr1-ND GeV-scale tech
vV, —» Ve UV, — U —— )
(1 DIF) H ¢k H Xsec Yes | $13M | - smics
ICARUS@FNAL FySiNy yiay yRnay y 1 GeV-scale Under  tech,
(rt DIF) H cITH H XSecC ves study cosmics
TripleLAr@FNAL Vy =2 Ve Vy —2 Yy i GeV-scale Under  tech, Work In
(tt DIF) — = |35 _ Probably XSec ves study cosmics P/OY9ress.
Vy — Ve Vy — Vy y Anti-nu?

*All of the right ingredients in TripleLAr@FNAL (near, mid, big far)
are coming together for a definitive test.



OscSNS, the LSND approach

There is a reason the LSND anomaly still exists almost 15 years later. It was a
pretty sensitive experiment!

The Spallation Neutron Source at Oak Ridge, by far the most intense source
of non-reactor neutrinos in the world (1.4 MW of protons on target) is
completely wasted as far as neutrino physics goes! Remember that the BNB
is ~32 kW of protons (in an admittedly apples-to-oranges comparison)!

It you can rule out LSND with an LSND-style experiment, you have definitively
resolved the sterile neutrino Issue.

It you can rule out LSND with a pion DIF experiment in neutrino mode, there
still may be questions. See: differences between neutrinos and anti-neutrinos.
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OsCSNS

" A proposed LSND-style decay-at-rest experiment at the
1.4 MW SNS (1 GeV protons on an Hg target).

Intensity

- « (Can provide definitive coverage of the sterile neutrino
region with an 800 ton LS detector, 60 m away.

205 tubes per end cap

AM T
0 500 1000 1500 2000
nme’ nsec 8m diameter by 20.5m long
cylindrical tank
o035- | T \
0.03 7. (delayed)
e v, (delayed)
0.025F — Vu(Prompt)
0.02—
0.015—
- Hamamatsu R5912 assumed
0.01 - 60 rows (6°) of 54 each PMTs located
0.005 = 14” (.356m) center to center. Tube
L . center located 3.4m radially from
0 E e N T R T R B Veto barrier detector tank center line (3240 tubes)
0 10 20 30 40 50

Neutrino energy (MeV)



OscSNS seems to solve all of the usual quibbles about LSND
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LSND

OscSNS

Notes

30m

60 m

Reduced in-beam background

Detector in front of

Detector behind

Reduced in-beam background

beam beam
0.8 MW 1.4 MW
600 ps,120Hz 695 ns, 60 Hz Redugggkztrec)ic:];gstate
798 MeV 1000 MeV
167 ton 800 ton

Lig. scint. w/ 25%
photocoverage

Lig. scint. w/ 25%
photocoverage

Better PMT QE expected in
OscSNS




OscSNS sensitivity

, Confidence Level Curves for v, — v, Oscillations (3 years)
o . - H

1 = :
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10 S S5 e e
- ~ LSND & KARMEN
1 E_ ...... ............................. ....................... A“owed ...............................
10 : 1UCL ................................................................................................
= 30 CL
- 50CL
10-2 ERERPPNS . H R e g T —
:ll ll | | - | lll | | | llll 1 1 1 lllll -

OscSNS White Paper, arXiv:1307.7097
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JPARC-MLF

e The JPARC-MLF experiment is very similar to OscSNS.
* An eventually 1 MW spallation source, with 3 GeV protons on a Hg target.

* Phased approach with “Phase 1” proposal to put 2x25ton Gd-LS detectors 17 m away
from the source to do an LSND-style experiment.

Calibration Port —— c——1

n-y shield 5 ----------------------------
Stainless Steel Tank ——}—> Gd-LS(25t) E
Black Sheet . (LS Total: 54t)| }
u-Veto layer :
Acrylic Vessel 34m
@ 34m
P )
PMT with p-metal — | &l
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SN D_Style Detect with:
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M. Harada et al,
arXiv:1310.1437 [physics.ins-det]
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E‘eCtrOn dlsappearance Detect with:
Ve = Vg ! ve 2C — e” 1Ny,

/
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Q
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S
w
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o

300
energy[MeV]

M. Harada et al,
arXiv:1310.1437 [physics.ins-det]
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Neutral current disappearance Setect with

192 12 v
v, C—vy, °C
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1070 gy i R |

300
energy[MeV]

M. Harada et al,
arXiv:1310.1437 [physics.ins-det]



Kaon decay-at-rest
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Detect with:
Vel — € P

ey

M. Harada et al,

arXiv:1310.1437 [physics.ins-det]

300
energy[MeV]



JPARC-MLF senS|t|V|ty
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M. Harada et al,
arXiv:1310.1437 [physics.ins-det]
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Other physics
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ISODAR

(doubling as the injector cyclotron design for
the DAESGALUS &cp experiment)

Protons

>
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Protons

ISODAR

>

p»+ "Be — 8Li + 2p

p+°Be > 'B+n
n+ "Li— 8Li+~
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p»+ "Be — 8Li + 2p

p+°Be > 'B+n
n+ "Li— 8Li+~

31i > %Be+e” + 7,

Flux

© III|III|III|III|III|III|III|III|III|III|III|III

I | | 1 1 I L | | I 1 1 |

°Li —» ®Be+ e + 7,

[\

4 6 8 10 12

Antineutrino energy (MeV)
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16
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Detector

9 S« —
p+"Be = "Li+ 2p U.p — €+TL

p+?Be =B +n
n -+ "Li — BLi + v

31i > %Be+e” + 7,



ISODAR

77 77
Ve % Vaj .
(3+1) Model with Am? = 1.0 eV? and sin®20=0.1

Detector o - 1
i /4\
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% 0.90 1 | -+ \ |/
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820,000 IBD events in 5 years at KamLAND
(16 m baseline to center of detector)



ISODAR abillities

10
IsoDAR / 959 CL
50 Limit | | 22;‘_\!;:-‘_;2
i
< | 5 years @ KamLAND
Q
~ 1 =
~
Ej IsoDAR
= 16 and 506
contours
0.1
0.01 0.1 1
-2
SIN“20,ew

By the way, this is really an excellent plot that | think should be more common in
the sterile neutrino field. If we see something, how well can we measure it?
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or Fe+scintillator detector.
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NUSTORM

* Alow-energy (P,=3.8 GeV/c) muon storage ring in combination with a LAr

* Can provide definitive coverage of the sterile neutrino region.

Neutrino Beam
£
%
|-t

Muon Decay Ring

226 m

Target
1@—
é
>

Important technology step: muon storage ring as a simple neutrino factory.

$236.2

i

150.0
126.5  [3811)

3212
16.6 [ ]

[423]

$

I

A prospective iron-scintillator detector
for nuSTORM



NUuSTORM sensitivity
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http://arxiv.org/find/hep-ex/1/au:+Adey_D/0/1/0/all/0/1
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Conclusions

- The discovery of a light sterile neutrino would be a monumental
result for particle physics and cosmology.

* The light sterile neutrino issue needs to be resolved.

e A truly definitive resolution is difficult to achieve and will likely require
multiple detectors/experiments.

 Regardless if there is a sterile neutrino or not, a lot of important

physics and R&D can be provided by accelerator-based short-
baseline experiments.
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Note: this picture is apparently not real
(Photoshop)
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| ArTPC technology

* MiniBooNE has drawn closed contours but cannot tell us if the allowed regions correspond to
a photon or an electron excess. Electrons make it more likely that the excess is due to
oscillations; gammas make it more likely that the excess is due to a new or underestimated

background.

* LArTPCs will be able to make this distinction and, in general, are simply able to characterize
the nature of a neutrino beam much better than more conventional technology.

o --'_ r ::ﬂ;z;”ﬁili’:—g;i:"i Ty

- -

ArgoNeuT Data Photon Candidate
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Advantage of the neutral
current In a sterile search

The disappearance of neutrinos interacting via the neutral current is a
strict probe of active-to-sterile oscillations.

 No complicating contributions from active-to-active disappearance.

Could definitively establish the existence of a sterile flavor, especially
when considered in combination with charged-current based searches.

P(l/a — ]/”tCti\(‘) = 1 - P(Va — Vs )
= 1 —sin® 26, sin*(1.27Am*L/E)

sin®20,,. = 4|U 4 4]* .



MINnIBoOONE results

 MicroBooNE will be able to confirm or refute the low-E excess.
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Of claims and sigmas

* |s a 5o signal from a single experiment even good enough for discovery at this point?
Maybe not. Indeed, the combination of two independent and reasonably “consistent”
3.80 measurements (i.e. LSND and MiniBooNE) is certainly not good enough.

Experiment Type Channel Significance
LSND DAR v, — v, CC 3.80
MiniBooNE SBL accelerator v, — v, CC 3.40
MiniBooNE SBL accelerator v, — v CC 2.80
GALLEX/SAGE | Source - e capture | v, disappearance 2.80
Reactors Beta-decay v, disappearance 3.00

K. N. Abazajian et al. "Light Sterile Neutrinos: A Whitepaper", arXiv:1204.5379 [hep-ph], (2012)

— MiniBooNE combo is 3.80

* Do we need to see a wiggle”? It would be nice. Unfortunately, much of the allowed
(e.g. >10 eV?2) parameter space will not actually provide a discernible L/E wiggle in

our experiments.

 We may have entered the dreaded “50 from a single measurement is not good

enough” phase, where quoting sensitivity in sigmas loses meaning fast.
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Clearly, an accelerator-based short baseline program
IS Important to the community

From Snowmass 2013 Executive Summary on Neutrinos,
arXiv:1310.4340 [hep-eX]

While these large, ambitious projects are vigorously
developed, the following medium and small-scale neutrino activities need to be pursued.

— Precision measurements and theories of neutrino cross sections and a detailed understanding of
the neutrino flux from pion-decay-in-flight neutrino beams. These activities can be pursued in the
near- detectors associated with the large long-baseline projects or alongside R&D projects related
to next-next generation neutrino beams, as well as by small-scale dedicated experiments. A well-
considered program of precision scattering experiments in both low- and high-energy regimes,
combined with a renewed dedicated theoretical effort to develop a reliable, nuclear-physics-based
description of neutrino interactions in nuclei is mandatory. Scattering measurements may also be
of intrinsic interest.

— Definite resolution of the current short-baseline anomalies. These will (probably) require neu-
trino sources other than pion-decay-in-flight and the pursuit of different flavor-changing channels,
including v, , disappearance and v, — v, appearance, using a combination of reactor, radioac-
tive source and accelerator experiments. In addition to small-scale dedicated experiments, such
experiments can be carried out as part of R&D projects related to next-next generation neutrino

beams (e.g., nuSTORM, IsoDAR).

— Vigorous pursuit of RED projects related to the development of next-next gemeration neutrino
experiments. As discussed above, these medium and small experiments will also address several
key issues in neutrino physics.
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INOS

Neutrons-@ JPARC-MLF

J-PARC Materials and Life Science Experimental Facility

Building dimension :
Width : 70m
Length : 146m
Height : 30m
Exp. Hall Height : 22m

Z

Target remote handling room

Cooling systems
(Basement)

3GeV, TMW

proton beam
23 neutron beam lines will be Installed

in experimental halls under present

design. "Il ’ff;f
S /)/ ) J-PARC MLF,

Taken from HP
™~ of J-PARC
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JPARC-MLF

JPARC-MLF

OscSNS (phase 1) Notes
800 ton 50 ton

60 m 17 m

$20M $5M

pi+/pi- ratio is less
1 GeV 3 GeV favorable for
JPARC-MLF

1.4 MW 1 MW (eventually)

695 ns, 60 Hz

80 ns (x2), 25 Hz

Difference doesn't
matter much due to
muon lifetime
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M. Harada et al,
arXiv:1310.1437 [physics.ins-det]



A comment on the Ve Intrinsic
background for LSND-style
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The DAESALUS program

 The cyclotron as a new, intense source of decay-at-
rest neutrinos.

* High-Q isotope  °Li— °Be+e™ 47,

_|_

™ = uTy,

e Pion/muon N

_I_ S
p— e v,

e Sterile neutrinos, weak mixing angle, NSI, &cp, V-A
coherent scattering, supernova xsec, accelerator, ...
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The path to 800 MeV

lon sourc Superconducting

ring cyclotron
(DAESALUS)

Injector cyclotron
(IsoDAR)




Where can IsoDAR run?

LENA KamLAND JUNO

Muon Veto

plastic scintillator panels (on top)
Water Cherenkov Detector
3,000 phototubes

100 kt of water

reduction of fast

neutron background

shielding from cosmic rays: ~4,000 m.w.e.
Muon tracking/,'

Stainless steel tank

Water Seal Liquid Scintillator

Steel Cylinder 20 kt

height: 100 m, diameter: 30 m
70 kt of organic liquid
30,000 - 50,000 phototubes

Water Buffer 10kt
Acrylic sphere: ¢34.5m

Oil buffer 6kt

~15000 20” PMTs
optical coverage: 70-80%

Buffer

thickness: 2 m

non-scintillating organic liquid
shielding from external radioactivity VETO PMTs
Nylon Vessel
separating buffer liquid
and liquid scintillator

Target Volume

height: 100 m, diameter: 26 m
50 kt of liquid scintillator

Borexino

WATCHMAN

< 10.5 meter "“\\

10.5 meter




|ISODAR cost estimates at present

Cost-effective design options for [soDAR
A. Adelmann et al. arXiv:1210.4454

1st source constructed -> $30M base cost (2013 $) recommended contingency as of now: 50%

If more sources are constructed: $15M each after first engineering design: 20%

DOE-sponsored study on a 2 mA proton machine

CosT / BENEFIT COMPARISON

Other options?
EXECUTIVE SUMMARY

FOR

A cost/benefit study was conducted by JUPITER Corporation to compare acquisition and operating costs

for a 45 MeV and 70 MeV negative ion cyclotron to be used by the Department of Energy in the

production of medical radioisotopes. The study utilized available information from Brookhaven National Assessment
Laboratory (BNL) in New York and from the University of Nantes in France, since both organizations

45 MEV AND 70 MEV CYCLOTRONS

have proposed the acquisition of a 70 MeV cyclotron. Cost information obtained from a vendor,
Advanced Cyclotron Systems, pertained only to their 30 MeV cyclotron. However, scaling factors were . Good
developed to enable a conversion of this information for generation of costs for the higher energy

accelerators. |:| Moderate
MaAy 26, 2005

Two credible cyclotron vendors (IBA Technology Group in Belgium and Advanced Cyclotron Systems, B Bad
Inc. In Canada) were identified that have both the interest and capability to produce a 45 MeV or 70 MeV
cyclotron operating at a beam current of 2 mA (milliamperes).

Conducted for: Conducted by:

6 SJuPITER.

U.S. Department of Energy Suite 900, Westfield North
Office of Nuclear Energy, Science, and Technology 2730 University Boulevard West
Office of Nuclear Facilities Management Wheaton, MD 20902

The results of our analysis of design costs, cyclotron fabrication costs, and beamline costs (excluding
building construction costs) resulted in total acquisition costs of:

IsoDAR Base Design
RFQ/Separated Sector Cyclotron
LINAC, 30 MeV, 40 mA
Modified Beta Beam Design
New Detector at Existing Beam

19901 Germantown Road * $14.8M for the 4 d
Germaniown, MD 20874 dmmmb 1. Cost
e 3$17.OM for the 70 MeV cyclotron. —
2. Ve rate
Yo : : Annual operating cost estimates for a 70 MeV cyclotron ranged between $1.9M and $1.1M; the large 3. Backgrounds low -
ThlS IS a Slmpler maChme' uncertainty is due to the lack of specificity in available data in comparing costs from BNL and the 4. Technical risk
University of Nantes. -
5. Compactness
|SODAR WI ” cost more Overall power requirements (exclusive of facility heating and air conditioning) were estimated to be: 6. Simplicity u’ground |:|
) , * 560 kW for the 45 MeV cyclotron, and 7. Reliability D
because the machine is
_ ® 831 kW for the 70 MeV cyclotron. 8. Value to other exps
|arger' ..but this sets the Operational lifetime is expected to be in excess of 30 years for the main components of the accelerator. 9. Value to Industry

Scal e. Considerable scientific and economic benefits are gained in using the 70 MeV cyclotron compared to use
of the 45 MeV cyclotron in terms of the variety and quantity of isoctopes that can be produced. Selected
examples of benefits in isotope production are discussed.




Observed/Predicted

How many steriles”

Observed/Predicted event ratio vs L/E, including energy and position smearing

(3+1) Model with Am? = 1.0 eV? and sin?20=0.1 (3+2) with Kopp/Maltoni/Schwetz Parameters
1.00 > 1.00
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ISODAR’s high statistics and good L/E resolution provide the
potential for distinguishing (3+1) and (3+2) oscillation models



